Phaeomelanin is a common pigment that confers a reddish colour to animals. Since phaeomelanogenesis requires the sulfhydryl group from cysteine or glutathione (GSH), which is an important antioxidant, this pigmentation and the associated coloration may be an honest signal, whereby only high-quality individuals (e.g. with lower oxidative stress) are able to develop showy plumage. The present study tested the mechanisms underlying the honest signal hypothesis using nestling barn swallows, Hirundo rustica gutturalis, which exhibit phaeomelanic throat plumage patches. We examined the relationship between phaeomelanin pigmentation levels and physiological condition during trait development, and the expression of the phaeomelanin-related gene agouti-signalling protein (ASIP) and the GSH-related gene glutathione S-transferase (GST) in throat feather follicles. We found that during phaeomelanogenesis, heavier nestlings produced more pigmented feathers, indicating that nestlings with high phaeomelanin concentrations are in better condition. We also found that phaeomelanin concentration was negatively correlated with total GSH level, but not significantly related with measures of oxidative stress. Among the GST genes, GSTM3 exhibited the highest expression in the developing feathers during phaeomelanogenesis. The expression levels of ASIP were positively associated with the amount of phaeomelanin deposition and negatively associated with the expression of GSTM3, reducing the amount of GSH that was available as an antioxidant. These findings suggest that high-quality individuals produce high concentrations of phaeomelanin in their plumage without experiencing increased oxidative stress, despite phaeomelanin production, which is triggered by ASIP, potentially actively consuming the sulfhydryl group from GSH.
INTRODUCTION
Many animals possess conspicuous traits, such as long tails, horns, or bright colours, which appear to be nonfunctional for survivorship but are used in communication (Andersson 1994) . Such traits often provide information about the quality of the possessors (i.e. signal senders) to others (i.e. signal receivers). However, the signal senders will not always obtain benefits by honestly signalling their quality, particularly when low-quality individuals can also produce the signal and thus deceive signal receivers by developing traits that are typical of those of high-quality individuals. Therefore, the question of how such honesty can be maintained has attracted the attention of many theoretical and empirical researchers (McGraw 2008) . Theoretically, honest signals can be maintained when the signal senders cannot falsify the information content of the signal trait, which can be accomplished via several mechanisms (Maynard-Smith and Harper 2003) . However, although empirical studies have found many signal traits that are associated with individual quality, the underlying mechanisms remain poorly understood.
Melanin-based plumage coloration is a common signal in birds and has been frequently studied in the context of honest signalling (e.g. Nakagawa et al. 2007; Vitousek et al. 2013 ; recently reviewed in Roulin 2016) . Melanin includes eumelanin (brown to black) and phaeomelanin (yellow to red), and its deposition in the feathers determines their colour (reviewed in McGraw 2006) . Of these two pigments, the latter has attracted particular attention because phaeomelanin-based coloration is considered to be an honest signal of the bearer's physiological condition due to genetic and physiological constraints on signal elaboration or social control Costanzo et al. 2016; Roulin 2016) .
The production of phaeomelanin requires a sulfhydryl group, and so could be affected by the availability of cysteine and glutathione (GSH) (Prota and Searle 1978; Benedetto et al. 1981; Ozeki et al. 1997; Ito and Wakamatsu 2008) . GSH has many physiological functions, including playing a role in antioxidant defence, nutrient metabolism, and the immune response (reviewed in Kosower and Kosower 1978) . Therefore, it has been suggested that there is a trade-off between anti-oxidative defence and phaeomelanin production, whereby only high-quality birds can develop phaeomelanin colouration (Galván and Alonso-Alvarez 2009; Galván and Solano 2009; Galván et al. 2015) . Several studies have supported this, even when phaeomelanin pigments make only a minor contribution to feather coloration. For example, Galván et al. (2015) found a negative correlation between the cysteine level in erythrocytes after moulting and the phaeomelanin content of the black eumelanic bib in the house sparrow, Passer domesticus, supporting the notion that sulfhydryl is consumed during phaeomelanogenesis, and this relationship was observed only in high-quality birds (i.e. those with large black bibs), presumably due to low-quality birds (i.e. those with smaller black bibs) saving the limited amounts of cysteine for somatic maintenance. In addition to such a resource trade-off, the covariation between GSH levels and phaeomelanic coloration can result from pleiotropy via phaeomelanic colourspecific behavioural patterns. For example, Emaresi et al. (2016) showed that light (phaeo)melanic adult tawny owls (Strix aluco) have higher levels of total GSH than dark (phaeo)melanic owls when they have an experimentally reduced brood. Since phaeomelanogenesis cannot occur outside the moulting period (i.e. during the breeding period), this finding cannot be explained by the resource trade-off hypothesis, but rather is due to individuals differing in their parental investment, which may be genetically linked to phaeomelanin pigmentation (Emaresi et al. 2013) . Therefore, both the availability of the sulfhydryl group during phaeomelanogenesis and the genetic background of the individual may explain the relationship between phaeomelanin pigmentation and the total GSH level.
In fact, melanin-based coloration is largely under genetic control (see Roulin 2016 for a review). The expression of melanogenetic genes results in the activation of different physiological traits (e.g. immune response, stress response, energy homeostasis) and behavioural traits (e.g. sexual behaviour, aggressiveness, parental care) that will eventually determine the costs of melanin-based colour expression (Ducrest et al. 2008; Roulin 2016) . Several genes control melanogenesis (Emaresi et al. 2013) , with the agouti-signalling protein (ASIP) gene being well known for regulating phaeomelanogenesis. During phaeomelanogenesis, ASIP binds to the melanocortin 1 receptor to form the phaeomelanin precursor dopaquinone; this then reacts with the sulfhydryl residue in cysteine or GSH, leading to the formation of phaeomelanin (Prota and Nicolaus 1967) . It has previously been reported that the expression of ASIP downregulates GSH-related genes in murine melanocytes (Le Pape et al. 2009 ). However, the relationship between the genetic control of eu-and phaeomelanin pigmentation by the melanocortin system and a change in oxidative stress and/or GSH levels can also occur through independent processes (Galván and Alonso-Alvarez 2009) . Thus, it is important to examine whether ASIP can promote the expression of phaeomelanin pigmentation via a change in GSH levels or the expression of GSH-related genes, which may contribute to honest signalling by changing the amount or allocation of the antioxidant GSH.
The barn swallow, Hirundo rustica, is a model species that has a conspicuous phaeomelanic plumage on its throat and ventral region. This plumage coloration may have a social function (i.e. as a sexual trait: Safran et al. 2005; Hasegawa et al. 2010; Saino et al. 2013a ; but also see Lifjeld et al. 2011) . Several studies have demonstrated that the phaeomelanin-based coloration in this species is associated with viability (Norris et al. 2009; Galván and Møller 2013; Saino et al. 2013b; Hasegawa et al. 2014 ) and physiological traits (e.g. testosterone levels, immune response, and oxidative stress: Eikenaar et al. 2011; Saino et al. 2013c; Vitousek et al. 2013) , although the exact mechanism behind this remains unknown. In Asian barn swallows, H. r. gutturalis, both the colour and size of the phaeomelanic throat patch are highly variable both within and between populations, possibly owing to the heterogeneous environments they inhabit (Hasegawa and Arai 2013a, b) , making them a suitable species for investigating natural variation in pigmentation in relation to a potential limiting factor. Furthermore, since nestling swallows develop their first plumage in their natal nest, it is possible to study the factors associated with phaeomelanogenesis during feather pigmentation.
In this study, we evaluated both the genetic regulation and physiological status in relation to the expression of the phaeomelanic ornament with particular emphasis on GSH, to gain a better understanding of the mechanism underlying signal honesty. In nestling barn swallows, the peach-coloured pigment phaeomelanin is produced in the early stages of plumage development, with the process being completed once the plumage has fully developed. Therefore, to examine how resource availability, physiological state, and genetic control at the time of phaeomelanogenesis affect phaeomelanin deposition in the plumage, we measured the body weight, physiological status (i.e. level of oxidative stress and total GSH levels), and the local expression of the phaeomelanin-related gene ASIP and the GSH-related gene glutathione S-transferase (GST) in the feathers during the early stage of plumage development, and the phaeomelanin concentration in the fully grown throat feathers at the time of fledging. We then used these data to examine three predictions. First, we examined whether the expression of phaeomelanin in the plumage depends on resource availability, predicting that nestlings with higher phaeomelanin concentrations in their feathers would have heavier body weights during feather development. Second, we determined whether there is a resource trade-off or genetic linkage between the expression of phaeomelanin and the antioxidant machinery, predicting that nestlings with higher phaeomelanin concentrations would exhibit the same or lower levels of oxidative stress during feather development than those with smaller phaeomelanin concentrations. Here we used the redox status of GSH (i.e. reduced GSH/oxidized GSH (RGSH/GSSG)), the concentration of thiobarbituric acid reactive substance (TBARS), and antioxidant capacity (DPPH) as measures of oxidative stress. Third, we investigated the genetic control of phaeomelanin production, predicting that the expression of ASIP would promote an increase in phaeomelanin pigmentation in the plumage, and that the expression levels of GSH-related genes would be associated with both the expression level of ASIP and phaeomelanin production. We specifically focused on the GSHrelated gene GST in this study, as this catalyses the conjugation of the reduced form of GSH for the purpose of detoxification, reducing the availability of GSH for phaeomelanin production. Therefore, if the production of phaeomelanin requires the consumption of GSH, GST expression should be reduced in relation to the expression of ASIP. Since GST is a superfamily consisting of eight families or classes (Sherratt and Hayes 2001) , we examined the GST gene that is most highly expressed in the developing feathers (as shown by whole transcriptome analysis), GST-mu3 (GSTM3), to examine the expression of these genes.
MATERIALS AND METHODS

Field methodology
This study was conducted in Hayama-machi and Yokosuka City (35°16′ N, 139°35′ E) of Kanagawa Prefecture, Japan, from March to June, 2014 (i.e. during the breeding season). Samples for RNAseq were obtained from Miyagi Prefecture (38°17′ N, 140°52′ E) in 2012 (see "Whole transcriptome analysis" below). All animal treatments, and blood and feather sampling procedures were performed according to the guidelines of the Animal Care and Use Committee of Tohoku University, Miyagi Prefecture, Japan, and the ethical standards of the Sokendai (Graduate University for Advanced Studies, Kanagawa Prefecture, Japan). The permits for these procedures were provided by Kanagawa Prefecture in Japan (#25-0214-01).
We investigated 25 breeding nests of barn swallows in the study area, and collected feather and blood samples from two or three nestlings per nest (Nestlings A and B; see Figure 1 for the sampling design). We inspected the breeding nests every second day to confirm the laying date and then inspected them almost every day around the estimated hatching date (10 days after the start of incubation) to confirm the hatching date. Since this species exhibits asynchronous hatching and differential growth, we also measured the wing length of nestlings in the nest at the time of capture (from 8 days after observing hatchlings) and used this as an indicator of nestling age (Figure 1 ; Costantini et al. 2006; Piault et al. 2012) . We used nestlings with wing length >31 mm for first sampling day.
Once the throat feathers of nestlings began to grow through their skin (which occurred when the wing length was >31 mm), we plucked 4 or 5 developing throat feathers on 3 consecutive days from one randomly selected nestling (denoted "Nestling A" hereafter) per nest (brood size range = 3-6). Phaeomelanin is expected to be produced and accumulated in the tip of developing throat feathers. However, the relationship between gene expression and nestlings' pigmentation levels is expected to change even over a 3-day period as the feather pigmentation gradually changes from the distal part (phaeomelanic peach colour) through the middle part (unpigmented white colour) to the basal part (eumelanic black colour). Therefore, the relationship was analysed separately for each age class, as described below. To minimize the negative effects of collecting feathers multiple times (e.g. the long-term disturbance of breeding nests), this sampling scheme was only applied to one nestling per nest (i.e. Nestling A). The nestlings were denoted as belonging to age class 1 (mean wing length ± SD = 34.4 ± 1.9 mm, n = 15), age class 2 (39.7 ± 2.2 mm, n = 16), and age class 3 (45.4 ± 2.0 mm, n = 15) on the first, second, and third consecutive sampling days, respectively (Figure 1 ). The collected feathers were immediately treated with RNAlater (Ambion Inc., Austin, TX, USA). On the second day, we also collected a blood sample from the brachial vein of each of these nestlings, which was placed on ice until the plasma could be separated from the blood cells by centrifugation (Jenkins et al. 2013) . The feather and blood samples were then stored at −30 °C until they were assayed. We also collected blood samples from one or two additional nestlings (denoted "Nestling B" hereafter) per nest on the second or third sampling day (mean wing length ± SD = 42.5 ± 1.0 mm, n = 24; Figure 1 ). In addition, we collected fully grown throat feathers from Nestlings A and B (which were found when the wing length was >77 mm or at ca. 18-22 days old; Figure 1 ) to investigate the relationship between feather pigmentation and physiological condition or the expression levels of genes. At this time, we also measured the area of the phaeomelanin-predominant throat regions (i.e. throat patch size; see below). At each capture, we weighed the nestlings to the nearest 0.1 g and measured the length of their right wing to the nearest 0.1 mm.
The red throat patch size was defined as the size of the area covered by red throat feathers (Hasegawa et al. 2010 ). This was measured by placing a transparent plastic sheet over the throat region, ensuring that the feathers were lying flat in their natural position, and tracing the edges of the patch onto the sheet using a marker pen (Lendvai et al. 2004) . We then scanned the sheet and measured The sampling scheme for each nest. Nestling A: Four or five developing throat feathers were plucked from one nestling per nest on 3 consecutive days when they began to grow through the skin (which was found when the wing length was >31 mm). Wing length was used as a measure of nestling age. The nestlings were denoted as belonging to age class 1 (wing length = 34.4 ± 1.9 mm), age class 2 (39.7 ± 2.2 mm), and age class 3 (45.4 ± 2.0 mm) on the first, second, and third consecutive sampling days, respectively. On the second day, a blood sample was also collected from the brachial vein. Nestling B: One or two nestlings from each nest were assigned for additional blood sampling, which was carried out on the second or third sampling day (wing length = 42.5 ± 1.0 mm). We also collected the grown throat feathers from Nestlings A and B (when the wing length was >77 mm, or at ca. 18-22 days old).
the area of the patch (mm 2 ) using the Scion Image software (Scion Corporation, Frederick, MD, USA). The throat patch of each bird was traced twice and the mean of the two measurements was used for further analyses. The repeatability of the throat patch area measurements was highly significant (repeatability = 0.88, n = 126, F = 15.986, P < 0.0001; Lessells and Boag 1987) .
Measurement of phaeomelanin content in the feathers
We followed the previously described protocol for assaying phaeomelanin (Wakamatsu et al. 2002) . Each feather sample (weighed 0.39-1.52 mg) was placed in a 10-mL glass conical test tube with a Teflon screw cap, and 100 µL water, 30 µL 30% H 3 PO 2 , and 500 µL 57% hydriodic acid (HI) were added. The tube was heated to 130 °C for 20 h, after which the mixture was cooled. A 100-µL aliquot of the hydrolysate was then transferred to a new test tube and evaporated to dryness using a vacuum pump connected to a dry ice (with acetone)-cooled vacuum trap. The residue was dissolved in 200 µL of 0.1 M HCl (and centrifuged if there were any insoluble materials). A 10-µL aliquot of each solution was then analysed using a high-performance liquid chromatography (HPLC) system. The HI reductive hydrolysis products were analysed with an HPLC system consisting of a JASCO 880-PU liquid chromatograph, a JASCO C18 column (JASCO Catecholpak; 4.6 × 150 mm; 7-µm particle size), and an EICOM ECD-300 electrochemical detector. To analyse the 4-amino-3-hydroxyphenylalanine (4-AHP) content of the samples, 0.1 M sodium citrate buffer (pH 3.0) containing 1 mM sodium octanesulfonate and 0.1 mM disodium ethylenediaminetetraacetate (Na 2 EDTA): methanol (98:2 v/v) was used as the mobile phase. Analyses were performed at 35 °C at a flow rate of 0.7 mL/min, and the electrochemical detector was set at +500 mV versus an Ag/AgCl reference electrode. A standard solution (10 µL) containing 500 ng each of 4-AHP and 3-amino-4-hydroxyphenylalanine (3-AHP; 3-aminotyrosine from Sigma) in 1 mL of 0.1 M HCl was injected every 10-15 samples. The concentration of phaeomelanin (ng/mg) was calculated by multiplying the 4-AHP content by a factor of 7.
Blood cell analysis
Determination of GSH levels in erythrocytes GSH is required for phaeomelanin synthesis (Agrup et al. 1975; Granholm et al. 1996) and is also an important intracellular antioxidant (Wu et al. 2004) . Therefore, its redox status (RGSH/ GSSG ratio) provides a useful index of cellular oxidative stress (Wu et al. 2004; Galván et al. 2014) , with higher values indicating lower levels of oxidative stress. To determine the overall GSH level (total GSH) and its redox status (RGSH/GSSG ratio), reduced GSH and total GSH (i.e. RGSH + GSSG) were measured by HPLC following modified protocol previously described (Araki and Sako 1987; Galván et al. 2014) . Briefly, the blood cell pellet was centrifuged at 4 °C, following which the ethanol was removed. The pellet was then dried in N 2 gas for 1-2 min. The blood cells were immediately diluted (1:10 w/v) and homogenized in a stock buffer (0.01 M phosphate-buffered saline (PBS) and 0.02 M EDTA) (Galván and Alonso-Alvarez 2009) . To avoid oxidation, this procedure was always carried out on ice. A 10-μl sample of the homogenate was lysed with 25 μL of a 100-mL buffer solution containing 8.29 mg NH 4 Cl and 37 mg Na 2 EDTA/1 g KHCO 3 . Then, 25 μL of 10% TBP-tri-n-butylphosphine in dimethylformamide (DMF; total GSH) or 25 μl DMF (reduced GSH) was added. Following incubation for 30 min at 4 °C, the proteins were precipitated using 10% chilled trichloroacetic acid containing 1 mM EDTA and were then vortexed vigorously and centrifuged at 1000 × g for 5 min at 4 °C. Following this, 100 μL borate buffer (pH 9.5; 0.2 M) containing 4 mM Na 2 EDTA and 50 μL ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (1 mg/ml in borate buffer) were added to 50 μL of the supernatant. This mixture was incubated in a shaking water bath at 60 °C for 60 min. The tubes were then cooled on ice and passed through a 0.45-μm filter, following which 10 μL was separated by HPLC. A standard solution 3.25 μM reduced GSH was similarly treated, and injected every 8-12 samples. A Hitachi Model D-2000 Elite Chromatography HPLC system (Hitachi High Technologies Co. Ltd., Tokyo, Japan) was used, with separation on a C18 column (Kanto Chemical Co. Ltd.; 4.6 × 250 mm; 5-μm particle size). Fluorescence intensities were measured with an excitation wavelength of 385 nm and an emission wavelength of 515 nm. The following solvents were used: (A) methanol/H 2 O (50/50); and (B) phosphate buffer (pH 6.0; 1/15 M). The buffers were filtered through a Type HA filter (0.45 µm) and degassed prior to use. A linear gradient from solvent A to solvent B over 15 min (0%-98%) at a flow rate of 0.5 mL/min was applied. The redox status of GSH, represented by the RGSH/GSSG ratio, was calculated by dividing GSSG (μM/g) from reduced GSH (μM/g).
Lipid peroxidation (TBARS) in erythrocytes
Lipid peroxidation was assessed using a modified procedure previously described (Galván and Alonso-Alvarez 2009) . Animal tissues contain a mixture of TBARS, which include lipid hydroperoxides and aldehydes. The concentrations of these substances increase under oxidative stress, making them a useful marker of oxidative damage-although they are potentially interfered with by changes in lipid metabolism and so there needs to be some caution when interpreting any results (Galván and Alonso-Alvarez 2009; Monaghan et al. 2009) . In this study, we examined the level of malondialdehyde (MDA), which is commonly used as a marker of oxidative damage.
A 15-µL sample of the homogenate used for the GSH analyses outlined above was added to 60 µL PBS. This was then mixed with 150 µL of a solution of 15% trichloroacetic acid, 0.25 M HCl, and 0.375% thiobarbituric acid and with 1.5 µL diluted 2,6-ditert-butyl-4-methylphenol (BHT; 2% in ethanol). The tubes were then warmed for 30 min at 90 °C and cooled with ice-cold water (10 min) (Galván and Alonso-Alvarez 2009) . Following this, 225 µL butanol was added to the tubes, and they were centrifuged at 10 000 × g for 3 min at −4 °C. Then, 225 µL of 1 M NaOH was added to 180 µL of the supernatant and vortexed vigorously, following which 45 µL phosphoric acid was added to 180 µL of the underlayer. The absorbance was then measured at 532 nm. The sample concentration was expressed as micromolar MDA by preparing a calibration curve for different MDA concentrations in the range of 0-5.0 µM. Each sample was measured twice.
Determination of haemoglobin levels
Since it was not possible to determine the amount of blood cells that were included in the above analyses investigating the levels of GSH and TBARS in erythrocytes, we used the haemoglobin concentration as an estimate of the concentration of erythrocytes in the homogenates. Thus, to compare the levels of GSH and TBARS in erythrocytes across individuals with different amount of blood cells, we divided the values obtained by the haemoglobin concentration.
Haemoglobin concentration was assessed using a modified procedure previously described (Oshiro et al. 1982) . First, 15 g sodium lauryl sulfate (SLS) was dissolved in 250 ml of 1/30 M phosphoric acid buffer solution (pH 7.2), following which 17.5 ml Triton X-100 was added to prevent precipitation of SLS at temperatures below 5 °C (Oshiro et al. 1982) . Once the SLS was completely dissolved, the same buffer solution was added to make a total volume of 750 ml. A working solution was then prepared by diluting this stock with deionized water three times. Finally, 1 µL of the homogenate was mixed with 250 µL of the working SLS solution and shaken and incubated at room temperature for 1 h. The absorbance was measured at 539 nm. Each sample was measured twice.
Plasma analysis
Determination of sulfhydryl levels in the plasma
The sulfhydryl group of cysteine or GSH is used in the formation of phaeomelanin (Agrup et al. 1975; Granholm et al. 1996) . Therefore, plasma sulfhydryl levels were determined using Ellman's reagent according to the manufacturer's protocol (PIERCE, Rockford, IL, USA). First, 4 mg of Ellman's reagent was diluted with 1 ml of the reaction buffer (0.1 M sodium phosphate (pH 8.0) containing 1 mM EDTA). Then, 5 µL of the Ellman's reagent solution was mixed with 250 µL of reaction buffer and placed in a 96-well plate. Following this, 10 µL of the plasma sample was added to the mixture and incubated at room temperature for 15 min. The absorbance of the mixture was measured at 412 nm. We then plotted the values obtained for the cysteine standards (cysteine hydrochloride monohydrate) to generate a standard curve in the range of 0-7.5 µM, which we used to determine the sample concentrations. Each sample was measured twice and cloudy samples were excluded from the analysis.
DPPH assay
The antioxidant capacity of the plasma was tested using the previously published procedure (Gwozdzinski et al. 2013 ). 1,1-Difenyl-2-picrylhydrazyl (DPPH) is a purple-coloured, stable free radical that reacts with antioxidants, following which it is reduced to the yellow-coloured diphenylpicryl hydrazine (Koren et al. 2010) , making it a useful indicator of antioxidant capacity. Therefore, 5 µL plasma was added to 150 µM DPPH in methanol (1:40) and incubated at room temperature for 30 min (Gwozdzinski et al. 2013) . The samples were then centrifuged at 5000 × g and 4 °C for 5 min, following which the absorbance of the samples was measured at 517 nm. The antioxidant content of the plasma was indicated by a reduced colour intensity. A calibration curve was prepared using Trolox, which is a stable antioxidant (Yamaguchi et al. 1998) , based on concentrations in the range of 0-1000 µM. The data were then expressed as millimolars of Trolox equivalent, with higher values representing a higher antioxidant capacity. Each sample was measured twice.
Lipid peroxidation (TBARS) in plasma
The principle of the lipid peroxidation test is outlined in the "Blood cell analysis" section above. This test was carried out using the protocol previously described (Galván and Alonso-Alvarez 2009). First, 5 µL plasma was added to 70 µL PBS and then mixed with 150 µL of acid solution (15% trichloroacetic acid, 0.25 M HCl, and 0.375% thiobarbituric acid, all in H 2 O) and 1.5 µL diluted BHT (2% in ethanol). Tubes were then warmed for 30 min at 90 °C and cooled with ice for 10 min. The samples were then centrifuged at 10 000 × g and 4 °C for 5 min, following which the absorbance of the supernatant was measured at 535 nm. A calibration curve was prepared using different concentrations of MDA in the range of 0-2.5 µM, and the sample concentrations were expressed as micromolar MDA. Each sample was measured twice.
Whole transcriptome analysis
RNA extraction, cDNA library construction, and Illumina sequencing For this analysis, we collected throat feathers from 11 nestlings (wing length: 34.0-51.6 mm) from Miyagi Prefecture in 2012. The total RNA was extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), followed by cleanup with an RNeasy® Micro Kit (Qiagen, Crawley, UK), according to the manufacturer's instructions. The RNA pool was prepared by mixing five and six samples together, respectively, to give more than 4.5 μg for each of two groups, which is a requirement of this analysis. Magnetic beads with Oligo (dT) were used to isolate the mRNA, which was then mixed with the fragmentation buffer to create short fragments. cDNA was then synthesized using the mRNA fragments as templates. The short fragments of cDNA were purified and resolved with EB buffer for end reparation and single nucleotide A (adenine) addition, following which the short fragments were connected with adapters. Suitable fragments were then selected for polymerase chain reaction (PCR) amplification as templates. During the quality control steps, an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and an ABI StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) were used for quantification and qualification of the sample library. The constructed library was sequenced using an Illumina HiSeq TM 2000 (Illumina Inc., San Diego, CA, USA).
Transcriptome data analysis
Adaptor sequences and empty reads were excluded, and low-quality reads were filtered from the raw reads. De novo assembly of the reads was conducted using the Trinity program (http:// trinityrnaseq.sourceforge.net/), and 67 353 gene sequences were obtained as a reference. Reads were then mapped to the reference sequences and the ESTscan program was used to analyse the open reading frame. To find homologous genes, 39 214 Unigenes (the result sequences of Trinity) were aligned to the nucleotide database (nt) using blastn.
Real-time PCR analysis
RNA extractions for real-time PCR
Real-time PCR was used to examine the expression of genes associated with phaeomelanin pigmentation. Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA). Since developing feathers were plucked two or three consecutive days (see Figure 1 ) from 16 unrelated nestlings (n individual = n nest = 16), the total number of the samples was 46. This was then purified with an RNeasy® Mini Kit or RNeasy® Micro Kit (Qiagen, Crawley, UK) and treated with DNase I, as described in the manufacturer's instructions. The concentrations of the RNA samples were measured using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Toronto, Canada), and stored at −80 °C. Following this, 50 ng/µL of total cDNA was prepared from the total RNA samples using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, CA, USA).
Quantitative PCR
The expression levels of the ASIP and GST genes were measured. The results of the RNA-seq analysis showed that GSTM3 was the most highly expressed gene encoding GST, which is an enzyme associated with GSH allocation (Supplementary Table 1 , Supplementary material). Thus, this gene was analysed as a representative of the GST superfamily. Specific quantitative PCR (qPCR) primers were designed with the assistance of GenScript Real-time PCR Primer Design (www.genscripts.com). Final primer pairs (Supplementary Table 2) were selected based on their amplification efficiency, melting curve, and negative controls. Two genes were chosen as housekeeping genes (HKGs) using BestKeeper (Pfaffl et al. 2004) , based on the standard deviation (SD) of the crossing point (eef1a: SD = 0.35; GAPDH: SD = 0.34; both genes: SD = 0.33). HKGs represent the most stably expressed genes and exhibit the lowest variation, with SD ≤ 1.
The cDNA products were diluted 10-fold with 10 mM TrisHCl, pH 8.0, and 1 mM EDTA, pH 8.0 (TE 1×). qPCRs were then performed in 96-well optical reaction plates and processed on an Applied Biosystems StepOnePlus TM Real-Time PCR System Thermal Cycling Block (Life technologies, Carlsbad, CA, USA) in a final volume of 20 µL, which consisted of 2 µL diluted cDNA mixed with 0.8 µL of the primers (Supplementary Table 2 ), 10 µL of 1 × Power SYBR® Green PCR Master Mix (Life Technologies, Carlsbad, CA, USA), and 6.4 µL water. For each qPCR reaction, the cycling conditions followed the manufacturer's instructions. Three technical replicates were performed per cDNA sample.
Statistical analyses
To investigate the effects of body weight or physiological traits (blood cell analysis or plasma analysis) on the expression of phaeomelanic traits (phaeomelanin concentration or phaeomelanic patch area), linear mixed effects models (LMM; R function "lmer" in package "lme4") were used. The first analysis examined the effect of body weight by including this as an independent variable in the model. The second analysis examined the effect of the physiological traits measured by the blood cell analysis, and so included total GSH, RGSH/GSSG, and TBARS as independent variables. The third analysis examined the effect of the physiological traits measured by the plasma analysis, and so included DPPH, thiol, and TBARS as independent variables. For all three analyses, phaeomelanin concentration or phaeomelanic patch area was used as a dependent variable and nest was included as a random factor to control for shared genes and the environment (Jenkins et al. 2013) , even though there was no significant similarity between siblings with respect to phaeomelanin concentration (repeatability = 0.01, n nest = 12, n individual = 24, F = 1.02, P = 0.48) or phaeomelanic patch area (repeatability = 0.30, n nest = 12, n individual = 25, F = 1.85, P = 0.14). In addition, wing length was included as a covariate in all analyses to control for size and developmental stage (Costantini et al. 2006) . Non-significant fixed terms were removed from the saturated model using a backward stepwise procedure (here, P > 0.1; see Galván et al. 2015) , but random factors and wing length were retained in the final models. These final models were then used to determine which factors were significantly associated with phaeomelanin concentration and phaeomelaninic patch area. The concentration of phaeomelanin was log transformed to fit a normal distribution Galván et al. 2015) . The significance of the terms in LMM is based on the differences in deviance and the degrees of freedom of the models with and without the predictor in question.
A linear mixed effects models (LMM; R function "lmer" in package "lme4") was also used to investigate the relationship between the expression level of the ASIP gene and wing length. In this model, individual identity was included as a random factor to control for pseudoreplication. To investigate the relationship between the phaeomelanin concentration in developed feathers and the expression levels of genes in developing feathers, we established a robust linear model ("lmrob" in the R package "robustbase") that identified and corrected for variation caused by an outlier in the data (Bennett and Ellison 2009) . This method was then applied to our small sample size (i.e. n = 15) with consideration for potential outliers. For this analysis, we used the robust Wald test to determine the significance of the terms, with wing length included as a covariate. This test was also used to investigate the relationship between the ASIP and GSTM3 genes. Since these analyses were performed as "a priori" planned tests (see above), multiple testing correction was not required (Sokal and Rohlf 1995) . All independent variables were standardized to a mean of zero and a variance of one, implying that the coefficients denote the effects of one standard deviation (SD) of each independent variable in these analyses. All data analyses were performed using the R statistical package (version 3.0.1; R Core Team 2014) and all statistical analyses were two tailed, with P < 0.05 considered statistically significant.
RESULTS
Expression of phaeomelanic traits and body weight during trait development
Nestlings with heavier body weights deposited more phaeomelanin pigment (n nest = 21, n individual = 33, coefficient ± SE = 0.36 ± 0.18, χ 2 = 4.18, P = 0.04; Figure 2 ). The size of the red throat patch was not significantly related to body weight (n nest = 23, n individual = 37, coefficient ± SE = 0.15 ± 0.20, χ 2 = 0.61, P = 0.43) and was not correlated with the concentration of phaeomelanin (n = 33, r = 0.14, P = 0.44).
Body
Expression of phaeomelanic traits and physiological condition during trait development
Nestlings with lower total GSH levels during development deposited more phaeomelanin pigment in their feathers (n nest = 22, n individual = 34, final model: total GSH level, coefficient ± SE = −0.34 ± 0.15, χ 2 = 5.19, P = 0.02; Figure 3) . No other factors were significantly related to phaeomelanin pigmentation (P > 0.68 for all factors; see Supplementary Table 3 for the saturated model).
There was also no relationship between any of the variables associated with the physiological condition of the plasma of nestlings and phaeomelanin deposition (DPPH was removed from the final model, P > 0.12; see Supplementary Table 4 for the saturated model). Total GSH levels were not significantly associated with the body weight of nestlings (n nest = 24, n individual = 39, coefficient ± SE = 0.05 ± 0.14, χ 2 = 0.13, P = 0.72), but were negatively related to the RGSH/GSSG ratio (n nest = 25, n individual = 40, coefficient ± SE = −0.04 ± 0.02, χ 2 = 4.45, P = 0.03). Nestlings with higher RGSH/GSSG ratios during development expressed larger throat patches (n nest = 24, n individual = 38, final model: coefficient ± SE = 0.45 ± 0.15, χ 2 = 7.46, P < 0.01, Supplementary  Figure 1 ). However, no other factors were significantly related to throat patch size (P > 0.29 for all factors; see Supplementary Table 3 ). There was also no relationship between any of the variables associated with the physiological condition of the plasma and throat patch size (P > 0.10 for all factors; see Supplementary Table 4 ).
Gene expression in the feather follicle and phaeomelanin pigmentation
Over the three successive sampling events, the expression level of ASIP decreased with increasing nestling wing length, which was used as an index of age (LMM with individuals as a random factor: coefficient ± SE = −0.00088 ± 0.00012, n nest = n individual = 16, n total = 46, χ 2 = 35.02, P < 0.0001; Supplementary Figure 2) . Consequently, the following analyses were conducted separately for each of these three age classes.
As predicted, in age class 1 (wing length = 34.41 ± 1.90 mm, n nest = n individual = 15), the expression level of ASIP was positively associated with phaeomelanin pigmentation (coefficient ± SE = 0.46 ± 0.16, t = 2.79, P = 0.017; Figure 4a) , whereas the expression level of GSTM3 tended to be negatively associated with phaeomelanin pigmentation (coefficient ± SE = −0.64 ± 0.35, t = −1.80, P = 0.098; Figure 4b ). There was also a negative relationship between the expression levels of ASIP and GSTM3 (coefficient ± SE = −0.50 ± 0.22, t = −2.24, P = 0.043; Figure 5 ). Age classes 2 and 3 exhibited similar but weaker relationships. For age class 2 (wing length = 39.72 ± 2.25 mm, n nest = n individual = 16), the expression level of ASIP was positively associated with phaeomelanin pigmentation (coefficient ± SE = 0.49 ± 0.14, t = 3.41, P < 0.01; Figure 4c) , while the expression level of GSTM3 was not significantly related to phaeomelanin deposition (coefficient ± SE = −0.36 ± 0.22, t = −1.66, P = 0.12; Figure 4d ). At this stage of development, there was also no significant relationship between the expression levels of ASIP and GSTM3 (coefficient ± SE = −0.08 ± 0.17, t = −0.50, P = 0.62). For age class 3 (wing length = 45.40 ± 2.02 mm, n nest = n individual = 15), the expression level of ASIP tended to be positively associated with phaeomelanin pigmentation (coefficient ± SE = 0.55 ± 0.26, t = 2.10, P = 0.058; Figure 4e) , while the expression level of GSTM3 was not associated with phaeomelanin pigmentation (coefficient ± SE = −0.38 ± 0.24, t = −1.56, P = 0.15; Figure 4f ). At this stage of development, there was again no significant relationship between the expression levels of ASIP and GSTM3 (coefficient ± SE = −0.30 ± 0.20, t = −1.53, P = 0.15).
DISCUSSION
In this study, we evaluated the contribution of both genetic regulation and physiological status to the expression of the phaeomelanic ornament in nestling barn swallows. Consistent with our first prediction, we found that nestlings with higher phaeomelanin concentrations in their plumage had heavier body weights during phaeomelanogenesis. Since nestling body weight is a good measure of individual quality in several species of birds, including barn swallows (Tinbergen and Boerlijst 1990; Lindström 1999; Turner 2006; Hill 2011) , this indicates that nestlings with more phaeomelanin were in better condition. The concentration of phaeomelanin in the feathers may depend on resource availability for the nestlings during the plumage developmental stage, although we cannot rule out the possibility of genetic covariation between phaeomelanin coloration and body weight, as occurs in owl species .
Second, we found that there was no detectable relationship between the concentration of phaeomelanin in the feathers and antioxidant capacity (DPPH), oxidative stress (RGSH/GSSG ratio), or oxidative damage (TBARS) during phaeomelanogenesis, indicating that nestlings can maintain their oxidative balance during phaeomelanogenesis. We could not conclusively demonstrate that there was no relationship between phaeomelanin pigmentation and antioxidant capacity (DPPH) due to the small sample size. However, the relationship actually tended to be positive, suggesting that phaeomelanic nestlings did not suffer any production cost in terms of oxidative balance. Phaeomelanin concentration was negatively correlated with the total GSH level in the blood (Figure 3) , however, as would be expected since phaeomelanogenesis requires a supply of cysteine, which is mainly provided by GSH (Agrup et al. 1975; Granholm et al. 1996; Ozeki et al. 1997; Potterf et al. 1999) . Previous studies on house sparrows, in which eumelanin-based plumage patches are important social signals (Nakagawa et al. 2007 ), demonstrated a negative association between phaeomelanin and cysteine levels in high-quality birds when GSH levels were experimentally depleted (Galván et al. 2015) , suggesting that the production of phaeomelanin may involve the consumption of cysteine via GSH (Granholm et al. 1996) . However, it is unclear whether higher levels of phaeomelanin production would significantly reduce total GSH levels in the blood when GSH levels are not experimentally depleted. Another plausible explanation for the negative relationship between phaeomelanin concentration and total GSH is that individuals under higher oxidative stress produce more GSH, which acts as an antioxidant, to avoid further oxidative stresses. In fact, we found a negative relationship between total GSH levels and the RGSH/GSSG ratio. In either case (i.e. passive or active resource allocation), these findings support our second prediction that there is a resource trade-off or genetic linkage between phaeomelanin production and the level of oxidative stress. Thus, it is possible that higher total GSH levels may be adaptive for less phaeomelanic birds to deal with oxidative stress.
Third, we found that higher expression levels of ASIP in developing feathers resulted in higher phaeomelanin concentrations in the nestlings, and there was a negative correlation between the expression levels of ASIP and GSTM3. These results are consistent with our third prediction that the expression of ASIP promotes an increase in the accumulation of phaeomelanin pigments in the plumage. Phaeomelanogenesis requires a supply of cysteine from GSH, and GST catalyzes the conjugation of the reduced form of GSH for the purpose of detoxification. Therefore, a higher expression of GSTM3 may reduce the availability of GSH for phaeomelanin production. Although we did not find a significant relationship between phaeomelanin concentration and the expression of GSTM3, there tended to be a negative relationship between these. Furthermore, in age class 1, when the expression of ASIP was relatively high, the expression of GSTM3 was significantly negatively correlated with the expression of ASIP. These results also indicate that there may be an interaction between the expression of ASIP (which triggers phaeomelanogenesis) and GSTM3 (a GSH-related gene).
Through the injection of red-legged partridges, Alectoris rufa, with either α-MSH (a trigger of eumelanogenesis) or diquat (a prooxidant that increases oxidative stress), Galván and Alonso-Alvarez (2009) showed that melanocortins and oxidative stress have independent effects, suggesting that ASIP expression and GSH allocation are independent processes. By contrast, our results suggest that GSH is actively allocated to the production of phaeomelanin when ASIP expression levels are high. Similarly, Emaresi et al. (2013) demonstrated a link between the expression levels of the genes for melanocortin and melanogenesis in tawny owls, Strix aluco, although they did not examine the genes related to GSH allocation for phaeomelanogenesis; and Le Pape et al. (2009) showed that ASIP downregulated GSH-related genes in murine melanocytes using a microarray. Therefore, further investigations into the genetic correction and genetic regulation of ASIP and GSH-related genes in birds with phaeomelanin-based coloration should be carried out in the future.
As is the case for other species, phaeomelanin-based coloration mainly plays a signalling role in adult barn swallows (Romano et al. 2016a ; also see Romano et al. 2016b for the signalling role in nestlings). In adults, however, phaeomelanin production occurs at inaccessible wintering sites, it is difficult to directly measure the condition of individuals and phaeomelanin-related traits in the wild. By contrast, nestlings can be captured in their nests during the developmental stage, allowing us to readily take these measurements. It has been shown that the phaeomelanin-based coloration of nestlings predicts the expression of the corresponding sexual trait in adults, at least in North American subspecies (Hubbard et al. 2015) . Thus, the findings during this stage of development may also be of relevance to phaeomelanogenesis during the adult moulting stage.
Although our main focus here was on the phaeomelanin concentration in individual throat feathers, we also found that the RGSH/GSSG ratio increased with the size of the area containing phaeomelanin-dominated feathers in the throat region (i.e. throat patch size), suggesting that nestlings under lower oxidative stress would develop larger red patches. By contrast, there was no significant relationship between the throat patch size and body weight, indicating that, unlike phaeomelanin concentration, differential nutritional input was an unlikely cause of this variation. In Asian barn swallows, the size of the phaeomelanic throat patch was found to be negatively related to the size of the eumelanic breast band (E. Arai, unpublished data), suggesting that oxidative stress may cause the predominant pigments to switch from phaeomelanin to eumelanin in this species. This explanation is consistent with the tight link between eumelanogenesis and oxidative stress (Karg et al. 1993) and previous experiments with red-legged partridge chicks, in which oxidative stress reduces the size of the phaeomelanic trait while increasing the size of the neighboring eumelanic trait (Galván and Alonso-Alvarez 2009) . The mechanism involved would be partially independent from the mechanism that determines the intensity of the phaeomelanin pigments in each feather (see above). It is also possible that the size and intensity of the phaeomelanindominated plumage patch indicates different aspects of physiological condition during the pigmentation period, which may explain the partial independence of these two aspects of the phaeomelanic throat patch (i.e. phaeomelanin concentration and size) in barn swallows (Hasegawa and Arai 2013a; Arai et al. 2015) .
To our knowledge, this is the first study to demonstrate the relationships between phaeomelanin pigmentation and both the expression levels of the ASIP gene and physiological condition (i.e. total GSH level) during trait development in a wild passerine species. Together, these findings contribute to our understanding of the underlying mechanism to the honest link between phaeomelaninbased coloration and individual quality. Furthermore, the finding that the size of phaeomelanin-dominated patches may indicate levels of oxidative stress suggests that phaeomelanin-based traits may reveal multiple types of information about the physiological condition of an individual during the pigmentation stage, making this a potentially useful signal of individual quality because signal receivers can obtain multiple pieces of information from this composite trait with no additional assessment costs (i.e. assessing a composite trait is less costly than assessing two independent traits; Kose and Møller 1999) . This may explain why phaeomelanin-based coloration is often used in sexual selection and other social interactions.
SUPPLEMENTARY MATERIAL
Supplementary data are available Behavioral Ecology online. Relationship between the expression levels of ASIP and GSTM3 in the throat feathers of nestling barn swallows, Hirundo rustica gutturalis, in age class 1.
